M
ycotoxins have an extensive impact on humans and animals due to their ability to contaminate foods and feeds worldwide. Toxicological diseases have been associated with mold-infested feeds even though mycotoxins often occur in very low concentrations and may be difficult to detect (1) . Zearalenone, a toxin produced by several Fusarium species, is of particular interest because of its widespread contamination of corn (2) (3) (4) and other grains (5) and its strong estrogenic activity. Known estrogenic effects on animals include infertility, vaginal prolapse, enlargement of uterus and mammary glands, and atrophy of testicles and ovaries (6, 7) . In addition, decrease in feed intake (8) has been associated with this mycotoxin which frequently occurs in feed (9, 10) at levels as high as 5.85 ppm (11) . Therefore, in response to the risk of great economic loss in industry and the threat to human health due to exposure to zearalenone, numerous methods for the quantitation of zearalenone and its metabolites in grains have been developed. Some of the methods currently available include thin-layer chromatography (12, 13) , enzyme-linked immunosorbent assay (14) (15) (16) , line immunoblot (17) , gas chromatography with mass spectrometry (18) (19) (20) , and liquid chromatography (LC) with (21, 22) or without (6, 8, (23) (24) (25) (26) post-column reaction.
Sensitivity and accuracy of the above-mentioned methods depend on their ability to selectively isolate toxins from interfering substances present in the complex background of food or tissue matrixes prior to detection. Cleanup procedures normally used for toxin isolation include liquid-liquid partition with (8) or without (25, 26) pH-controlled solvents, on-line filtration (22) , aminopropyl (6, 23) or C 18 (27) solid-phase extraction or charcoal-alumina (23) columns, gel permeation chromatography (21) , and immunoaffinity chromatography (20, 28) . Immunoaffinity chromatography is the only cleanup procedure which is toxin-specific, minimizing the interference of co-extracted substances.
Conditions are described for rapid and accurate determination of zearalenone in corn using an immunoaffinity column as a cleanup step followed by detection with fluorometry or LC. These methods are available in kit format and are mar- 
Experimental

Reagents and Samples
Zearalenone, α-zearalenol, $-zearalenol, α-zearalanol (Zeranol), $-zearalanol, and zearalanone were purchased either from Supelco (Bellefonte, PA) or Sigma Chemical Co. (St. Louis, MO). Working standard solutions, ranging from 0.0050 to 500 mg/mL, were prepared in 100% acetonitrile and stored at -20°C until use. ZearalaTest immunoaffinity columns, fluted and glass microfiber filter papers, ZearalaTest Developer (AlCl 3 ⋅6H 2 O), and mycotoxin calibration standards were obtained from VICAM. Analytical grade acetonitrile, methanol, sodium phosphate mono-and dibasic, NaCl, and Tween-20 were purchased either from Fisher Scientific (Pittsburgh, PA) or Sigma. Ground or kernel corn samples were obtained from a local store, mills across the United States, or northern Italy (Safe Food, Viadana, Italy).
Apparatus
For fluorometry, a Series-4 Fluorometer V1.2 (VICAM) was used after calibration with mycotoxin calibration standards. For LC, a Waters 2690 Alliance was used with a stainless steel, reversed-phase 3. 
Fluorometer Method
Samples were prepared for extraction by grinding to ensure that 95% by weight passed through a 20 mesh sieve, and then by homogenization. Subsamples (20 g) were extracted in a blender jar (Waring, New Hartford, CT) by adding 2.0 g NaCl and 50 mL acetonitrile-water (90 + 10, v/v) and then blending for 2.0 min. Extracts were filtered through a fluted filter paper, and 10 mL aliquots were diluted with 40 mL phosphate-buffered saline (PBS)/0.1% Tween-20 (v/v). Following filtration through a 1.0 µm glass microfiber filter, 10 mL (0.8 g sample equivalent) was applied to the ZearalaTest column. The columns were then washed with 10 mL PBS/0.1% Tween-20 followed by 10 mL water, and eluted with 1.0 mL LC grade methanol into a clean glass cuvette. A 1 mL amount of ZearalaTest Developer was added to the 1.0 mL sample eluate and mixed. The cuvette was read after a 300 s delay time in the Series-4 Fluorometer V1.2 (calibrated using mycotoxin calibration standards) according to the instruction manual.
LC Method
The method of Visconti and Pascale (28) was used with the following exceptions: NaCl was used for extraction, 1.0 mL extract was diluted with 49 mL distilled water (Milli-Q), a 0.08 g sample equivalent was applied to the ZearalaTest column, sample methanol eluates were diluted 1 + 1 with water, and 100 or 200 µL was injected into the LC system.
Official AOAC Liquid Chromatographic Method
Samples were analyzed according to AOAC Official Method 985.18, ""-Zearalenol and Zearalenone in Corn, Liquid Chromatographic Method " (29) . For this method, the following deviations from the protocol were observed: a flow rate of 1.0 mL/min was used instead of 2.0 mL/min to reduce high system pressure and the use of 274 nm excitation and 440 nm emission for the fluorescence detector as in Visconti and Pascale (28) .
Results and Discussion
Antibody Specificity
Detection of zearalenone using methodologies such as fluorometry and LC necessitates thorough cleanup of sample extracts for maximum sensitivity. Immunoaffinity columns are a reliable cleanup method provided the antibodies used are specific for the analyte being quantitated. The method described here uses immunoaffinity columns prepared with a monoclonal antibody to zearalenone. The specificity of the immunoaffinity column cleanup step was evaluated by measuring the percentage recovery of zearalenone and its metabolites, collectively designated as resorcyclic acid lactones (RALs; 20). RALs, together with the cross-reactivity of the anti-zearalenone antibody. Percentage recoveries were calculated by comparing the ratios between the peak areas of standards and extracts experimentally contaminated with 500 ng of each RAL that had been applied in duplicate to the immunoaffinity column. Fluorescence detection (excitation 274 nm, emission 440 nm) was used with zearalenone, α-zearalenol, and $-zearalenol; UV detection (236 nm) was used for zearalanone, α-zearalanol, and $-zearalanol. The results showed good recoveries and strong reactivity of this monoclonal antibody with all RALs. ZearalaTestFluorometer results represent total fluorometric readings from all RALs isolated. However, when the mycotoxins produced by 27 isolates from 11 different Fusarium species obtained from either corn, finished feeds, or forage plants were analyzed, zearalenone comprised approximately 95% of the total toxin production, with zearalenols comprising <5% and zearalanols <1% (18, 19) . In addition, when naturally contaminated corn, mixed feed, or milk samples were analyzed for the presence of RALs, >95% of the toxin encountered was zearalenone (6, 25, 26) . Therefore, based on this information, results obtained using the ZearalaTest-Fluorometer reflect the amount of zearalenone in the samples with a high degree of confidence.
Performance of the Analytical Method
The limit of detection (LOD) of zearalenone, defined here as the smallest amount reproducibly and accurately detected with at least a 3:1 signal-to-noise ratio, was determined for the fluorometer and LC methods. LOD was obtained by measuring experimentally contaminated zearalenone-free corn samples. The results, shown in Table 2 (fluorometer) and Table 3 (LC), indicate that both methods have an LOD of 0.10 µg/g or less. Samples containing <0.10 µg/g had lower accuracy (fluorometer) or precision (LC; data not shown). However, the LOD for the LC method can be improved if the general test kit configuration is altered and a larger gram equivalent is loaded onto the column. When a 0.8 g sample equivalent is loaded onto the column, an LOD as low as 0.0025 µg/g can be obtained (Table 3 and Figure 1 ).
Percentage recovery using the ZearalaTest-Fluorometer was determined using corn samples experimentally contaminated with 0.10-5.0 µg/g zearalenone. Recoveries ranged from 98 to 110%, with an overall average of 105% (Table 2) . For the LC method, recoveries varied from 82 to 100% depending on the level of contamination, with an overall average of 93%. The lower LOD variant of the test showed comparable percentage recoveries from 0.0025 to 5.0 µg/g (some data not shown). The slight differences between percentage recoveries obtained with the fluorometer and LC methods is due to the fact that the calibration settings for the fluorometer method were established to compensate for column recovery, resulting in percentage recoveries very near 100% for all levels.
Precision for both methods was determined as follows: for the ZearalaTest-Fluorometer, experimentally contaminated corn samples with zearalenone ranging from 0.10 to 5.0 µg/g were assayed at least in triplicate ( Table 2 ). The average relative standard deviation (RSD) of this detection method was 16% across the assay range, reaching a high of 24% at the LOD and leveling off at about 9% at and above 2.0 ppm. For the LC method, RSDs ranged from 15 to 6.1% for the 0.10 to 50 µg/g method with an average of 9.3%. When a higher sample gram equivalent was used (0.8 g sample equivalent), the average RSD was 5.0% in the range of 0.0025 to 5.0 µg/g (some data not shown). In addition, a high degree of precision for both methods was demonstrated for analysis of naturally contaminated corn samples. For the fluorometer, when 10 aliquots of samples at 100 and 1000 ng/g were independently tested, the respective RSDs were 12 and 7.7%. For the LC method, samples at 10 and 100 ng/g had RSDs of 10 and 6.6%, respectively.
Column capacity was determined by loading, in duplicate, 10 mL of artificially contaminated zearalenone-free extracts containing from 1000 to 8000 ng zearalenone. The results show good recoveries ($89%) for zearalenone added, up to the 4.0 µg level. Percentage recovery rapidly diminished above this level with only small incremental gains in the amount of zearalenone bound despite relatively large increases in the amount of zearalenone added, e.g., 2000 ng added between 4000 and 6000 ng with only an increase of 750 ng in zearalenone bound. The point of intersection of the 2 linear fits of these different parts of the overall curve (0-4000 ng added and 4000+ ng added) yields a column capacity of 4.0 µg. These results correlate well with those of Visconti and Pascale who also found a capacity of approximately 4.0 µg for ZearalaTest immunoaffinity columns (28) .
Assay range was determined based on the linearity of the results in Tables 2 and 3 . Linear regression analyses showed that both methods, fluorometry and LC, were equally linear (r 2 = 0.998) for the 0-5.0 and 0-50 µg/g ranges, respectively.
Comparison with AOAC Official Method 985.18
Seventeen naturally contaminated corn samples were analyzed at VICAM using the ZearalaTest-HPLC and the AOAC Official Method 985.18 (Table 4) . Paired t-test analysis comparing the ZearalaTest and AOAC results did not demonstrate a significant difference between the sample means or standard deviations. Linear regression analysis yielded a slope ($) of 0.843 (p < 0.0001) with a 95% confidence interval (0.573, 1.11) and an r 2 value of 0.747. These results are similar to those of Visconti and Pascale (28) who reported a slope of 0.75 and an r 2 value of 0.760 for a comparison of 14 naturally contaminated samples.
Conclusions
The immunoaffinity column method represents a significant improvement over existing technologies for the detection of zearalenone in terms of ease-of-use, rapidity of analysis, specificity for the toxin, and overall performance. At this time, increased monitoring of animal and human food supplies for zearalenone has shown widespread contamination, often at alarming levels. This method offers a simple and reliable way of reducing or eliminating the risk of great economic loss in industry and the threat to human health due to exposure to zearalenone. a LC results were generated using the more sensitive method, LOD = 0.0025 µg/g (2.5 ppb).
